INTRODUCTION
Naturally occurring radon in indoor air has been identified as the second leading cause of lung cancer after tobacco smoking (1) . To establish the geographical variation of radon and radon progeny, a multiyear survey was carried out in more than 14 000 homes during 1977, 1978 and 1980 in 19 cities (2) . Information on radon concentrations was available for 18 of the cities from this survey. Based on the populations of those 18 cities in the early 1980s, population-weighted national averages were estimated for the arithmetic mean radon concentration, 28.3 Bq m 23 , and the geometric mean radon concentration, 11.2 Bq m
23
, with a geometric standard deviation of 3.9, as given in the original publications (2, 3) . With these characteristics, the annual effective dose to the Canadian population due to indoor radon exposure was estimated to be 0.71 mSv (4) . Since then, more residential radon surveys have been conducted in various communities across Canada. With the additional information, an update on radon exposure in Canada is provided here. In addition to the characteristics of radon distribution and associated annual effective dose, percentages of dwellings above the Canadian guideline of 200 Bq m 23 were assessed for individual provinces of Canada.
METHODS
Assessments were performed for individual provinces with additional radon survey results available in recent years. Radon information for the three territories is still very limited. Radon results were available in different forms. Some survey results were given as arithmetic mean radon concentration (AM) with or without standard deviation (SD), and others as geometric mean radon concentration (GM) and associated geometric standard deviation (GSD).
To calculate annual effective doses from radon exposure, the formula recommended by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (4, 5) was applied:
where AM is the arithmetic mean radon concentration in the units of Bq m 23 , the typical value of 0.4 was used as the equilibrium factor for radon indoors, a recommended value of 9 nSv (Bq m 23 h) 21 was used to convert radon equilibrium-equivalent concentration to population effective dose, and 7000 h or 80 % of home occupancy was assumed. The annual effective dose depends only on the AM. In the case where the value of AM was not specifically given in the original survey report of a community, the arithmetic mean radon concentration was derived from the given radon distribution, i.e. calculated from the radon distribution of given GM and GSD.
To derive the average parameters for a province, such as the average AM, results of individual communities were weighted with the current population (2006 Census). The national average is the population-weighted average of results from each province.
The percentage of dwellings above the Canadian guideline of 200 Bq m 23 in a city or community is either taken directly from the original survey report or calculated from the log-normal radon distribution of a given GM and GSD.
RESULTS
Information on radon concentration distributions (GMs and GSDs) was available for 18 cities in the past national radon survey (2) . These cities were Vancouver, Calgary, Edmonton, Regina, Saskatoon, Winnipeg, Brandon, Thunder Bay, Toronto, Sudbury, Montreal, Sherbrooke, Quebec, Fredericton, Saint John, Charlottetown, St. Lawrence and St. John's. For most of those cities, they are the only information available up to now for radon in homes. Therefore, for those cities where more recent radon information is not yet available, the results of the last national radon survey were used in the present assessment. The justification for the inclusion of those data was validated by a recent radon/thoron survey in the city of Winnipeg (6) where no significant changes in the characteristics of indoor radon concentrations were observed 30 years after the first radon survey in Winnipeg. In Letourneau et al. (2) , parameters of radon distributions, i.e. GMs and GSDs, were given for the 18 cities. For the current assessment, arithmetic mean radon concentrations and percentages of dwellings above 200 Bq m 23 were derived from the corresponding log-normal radon distributions, and are summarised in Table 1 .
In the past national radon survey, radon data were not available for the province of Nova Scotia (NS).
In 1990, 719 individual dwellings in Nova Scotia were measured for radon concentration (6) . The mean radon level, the AM, was found to be 108 Bq m . Since cities or communities were not specified for those dwellings, a population weighting could not be performed for the Nova Scotia data. Therefore in this re-assessment, results for Nova Scotia were taken directly from the summary of the 1990 Survey (7) . The provincial government of British Columbia (BC) published the results of a radon survey in more than 1500 homes in 2007 (8) . Those homes tested for radon were distributed in 28 cities or communities. Twenty-five cities/communities had more than 10 homes surveyed. Based on the populations in those 25 cities/communities, the population-weighted average radon concentration (arithmetic mean) in British Columbia was estimated to be 43. , as given in Table 2 . Those results were used for the province of British Columbia in the re-assessment instead of the single data point for the city of Vancouver from the past national radon survey as listed in Table 1 .
Radon information for the capital city of Ottawa became available recently (9, 10) . The arithmetic mean radon concentration in Ottawa was 120 Bq m 23 ; and 12 % of Ottawa homes had radon concentrations above 200 Bq m 23 . Together with three other cities (Thunder Bay, Toronto and Sudbury) surveyed in the past as given in Table 1 , the population-weighted average radon concentration for the province of Ontario (ON) was estimated to be 38.7 Bq m 23 . It was estimated that 2.5 % of dwellings in Ontario could have radon levels higher than 200 Bq m 23 . Based on the last national radon survey in the three cities in the province of Quebec, the population-weighted arithmetic mean radon concentration is estimated to be 23. . In recent years, the Quebec provincial government has conducted a series of radon surveys in 15 regions (11) , as shown in Table 3 . The population-weighted arithmetic mean radon concentration and standard deviation for Quebec are estimated to be 34.5 and 41.8 Bq m 23 , respectively. It is commonly agreed that radon concentrations follow a log-normal distribution (4, 5) . A log-normal distribution is described with a geometric mean and geometric standard deviation. A log-normal radon distribution with GM ¼ 22. In recent years, especially after the announcement of the new Canadian guideline for radon in indoor air (12) , many small scale radon surveys have been conducted in various jurisdictions, in particular in schools and public buildings. Because the number of buildings being tested for radon in individual communities were very limited, those results were not included in the current assessment. For a province where no additional radon data is currently available, the population-weighted average radon concentration and percentage of dwellings above 200 Bq m 23 was assessed based on the available information listed in Table 1 . This applied to Alberta (AB), Saskatchewan (SK), Manitoba (MB), New Brunswick (NB), Prince-Edward-Island (PEI), and Newfoundland and Labrador (NL. A summary of the updated assessment for the ten provinces is given in Table 4 . For each province, the results were population-weighted averages of the results from individual cities/communities/regions except for the province of Nova Scotia. Weighted with populations of individual provinces, the national average radon concentration is estimated to be 45.5 Bq m 23 , and 3.3 % Canadian homes are estimated to have radon concentrations above the guideline.
The annual effective doses due to radon exposure are also provided in Table 4 . They are effective doses based on the formula recommended by the UNSCEAR (4, 5) . On average, the annual effective dose to the Canadian population is estimated to be 1.15 mSv. that within a community, radon levels can vary significantly from one home to another. The distribution of radon concentration is normally a log-normal distribution. The log-normal distribution has a long tail at high radon concentrations indicating that the vast majority of houses have radon levels below the average concentration. If the average radon level in a community is below the national guideline of 200 Bq m 23 , it does not mean that this community does not have homes with elevated radon levels. The parameter, percentage of homes above the guideline value, is a better parameter for clear communication with the public. Percentages of homes above 200 Bq m 23 in each province are given in Table 4 . On average, fewer than 3.3 % of Canadian homes have radon levels in excess of 200 Bq m 23 . Depending on local radon characteristics, it can vary from 2.5 % in British Columbia and Ontario to 19 % in Manitoba.
DISCUSSION
Population-weighted annual effective doses due to indoor radon exposure in ten provinces of Canada are given in Table 4 as well. On average, the annual effective dose to the Canadian population due to indoor radon exposure is estimated to be 1.15 mSv. The population radon doses varied from 0.85 mSv in Newfoundland Labrador to 3.60 mSv in Manitoba. The doses were significantly above the national average in three provinces, namely Saskatchewan, Manitoba and Nova Scotia.
The geology of Canada and associated background radiation levels are constant, and it is assumed that there have been no significant changes in home construction practices in the past decades (13) Table 1 , the arithmetic mean radon concentration would be 37.5 Bq m 23 . This indicates that among 61 % increase in radon exposure, changes in population distribution alone contributed to about 33 %. The other 28 % of increase is then due to the availability of more indoor radon data, especially data for radon prone areas. The radon level in Nova Scotia is significantly higher than the national average, however, this information was not previously available and has only been included in the current assessment. In addition in British Columbia, Vancouver had been the only city surveyed for radon in the 1970s. With more radon surveys conducted in many other communities in the province, especially in communities of mountain areas, the arithmetic mean radon concentration for British Columbia has been updated and increased from 9.6 using 1970s' data to 43.8 Bq m 23 today. Radon information for Canada's national capital, the city of Ottawa, also became available recently. The average indoor radon level in Ottawa homes was found to be 120 Bq m
23
, almost three times the national average of 45.5 Bq m 23 . As more radon data are included in the current assessment and the data set covers a much broader geographical area, the current assessment should better represent the radon exposure in Canada. It should be pointed out that indoor radon data are not yet available for the three territories in Canada. Even though only 0.3 % Canadians live in the three territories, future radon surveys should cover those sparsely populated areas.
CONCLUSION
In this study, the national average radon concentration (arithmetic mean) for Canada has been determined to be 45.5 Bq m 23 based on new residential radon data in combination with historic results. The percentage of Canadian homes currently estimated to have indoor radon levels in excess of the Canadian Radon Guideline of 200 Bq m 23 has been calculated to be 3.3 %. Although this percentage is relatively low, considerable variation exists from region to region within the country, with Manitoba, Nova Scotia and Saskatchewan having the highest proportion of homes estimated to be above the guideline (19, 10 and 9 %, respectively).
The population-weighted annual effective radiation dose to which Canadians are exposed due to indoor radon has also been reassessed. This dose has been estimated to be 1.15 mSv, which is higher than that estimated from radon data collected in the 1970s and 1980s (0.71 mSv). The doses in Manitoba, Nova Scotia and Saskatchewan were significantly above the national average (3.60, 2.72 and 1.88 mSv, respectively). Because more radon data are included in the current assessment, and the data set covers broader geographical areas, the current assessment better represents the radon exposure in Canada.
